The neuronal pathways that link sounds to rewarded actions remain elusive. It is unclear whether 13 neurons in the posterior tail of the dorsal striatum (which receive direct input from the auditory 14 system) mediate action selection, as other striatal circuits do. Here, we examined the role of 15 posterior striatal neurons in auditory decisions in mice. We found that, in contrast to the anterior 16 dorsal striatum, activation of the posterior striatum did not elicit systematic movement. However, 17 activation of posterior striatal neurons during sound presentation in an auditory discrimination task 18 biased the animals' choices, and transient inactivation of these neurons largely impaired sound 19 discrimination. Moreover, the activity of these neurons reliably encoded stimulus features, but 20 was only minimally influenced by the animals' choices. Our results suggest that posterior striatal 21 neurons play an essential role in auditory decisions, yet these neurons provide sensory information 22 downstream rather than motor commands during well-learned sound-driven tasks. 23 29 Devan et al., 2011). Recent anatomical characterization of the excitatory input from cortex and 30 thalamus onto the striatum suggests that the organization of the dorsal striatum goes beyond the 31 DMS and DLS divide (Hunnicutt et al., 2016). This characterization in rodents showed that the 32 posterior portion of the striatum receives a combination of sensory inputs that sets it apart from 33 other regions. Similarly, an evaluation of reward-related signals of the dopaminergic input along 34 the anterior-posterior axis of the striatum provides further evidence that the posterior tail of the 35 striatum forms a circuit distinct from DMS and DLS (Menegas et al., 2017). It is not clear, how-36 ever, whether the function of this posterior region is qualitatively different from the previously 37 characterized striatal subregions. Here, we evaluate the role of neurons in the posterior tail of the 38 striatum during sensory-driven decisions in mice. 39 The posterior tail of the dorsal striatum in rodents receives direct neuronal projections from the 40 auditory thalamus (ATh) and the auditory cortex (AC), as well as midbrain dopaminergic signals 41 (Menegas et al., 2015; Hunnicutt et al., 2016). Because of these anatomical features, this region 42 2 is sometimes referred to as the auditory striatum (Znamenskiy and Zador, 2013). Given this con-43 vergence of sensory and reward-related signals, and prompted by the role of other dorsal striatal 44 regions, we hypothesized that the tail of the striatum drives rewarded actions according to acoustic 45 cues. Here we show that such a hypothesis does not fully account for the role of this striatal region 46 during sound-driven decisions. In summary, we found that posterior striatal neurons were neces-47 sary for the expression of sound-action associations, and that stimulation of these neurons biased 48 decisions based on sounds. In contrast to activation of anterior dorsal striatal neurons, activation of 49 posterior striatal neurons did not drive movement. Moreover, when a behavioral task required rapid 50 updating of sound-action associations without changes in the expected reward, the representation 51 of sounds by the large majority of posterior striatal neurons was stable across contexts and did not 52 depend on the animal's choice. These results suggest that in a well-learned sound-driven decision 53 task, neurons in the posterior striatum provide sensory information downstream, while providing 54 little information about behavioral choice before action initiation.
Introduction 24
In the mammalian brain, the dorsal striatum links neural signals from the cerebral cortex to cir-25 cuits in the basal ganglia to mediate action selection. Electrophysiological and inactivation studies 26 have identified two regions within the dorsal striatum which play distinct roles in decision making: 27 the dorsomedial striatum (DMS) involved in flexible goal-oriented behavior, and the dorsolateral 28 striatum (DLS) which mediates habitual actions (Yin and Knowlton, 2006; Balleine et al., 2009;  striatal neurons before action initiation contains little information about the animal's subsequent 197 choice. However, these results do not rule out the possibility that information about choice would 198 be present in sound-evoked responses when an animal has formed a clear association between a 199 stimulus and an action. 200 Effects of rapid changes in sound-action associations on activity of posterior striatal neurons 201 In the experiment described in the previous section, the animals' variability in choice arose from 202 the difficulty of perceptual decisions near the decision boundary. We hypothesized that a larger 203 number of neurons would be influenced by the animal's choice if instead of using ambiguous 204 stimuli, the meaning of the stimuli changed systematically from predicting reward on the left port 205 to predicting reward on the right port. 206 To test this hypothesis, we used a previously developed task for rodents (Jaramillo and Zador, 207 2014) in which the rewarded action associated with a subset of sounds changes every few hundred 208 trials ( Figure 7A ). In this switching task, low-frequency sounds still indicate reward on the left side 209 (and high-frequency indicates reward on the right), but the categorization boundary changes across 210 blocks of trials. As a result, a stimulus of intermediate frequency (e.g., 11 kHz) is associated with 211 the left port in one block of trials and associated with the right port on the next block. Importantly, 212 the amount of reward associated with such sound remains the same, and it is only the action 213 associated with this sound that changes. Mice trained in this flexible categorization task achieved 214 high performance levels and were able to switch between sound-action association contingencies 215 several times per session, as previously reported (Jaramillo and Zador, 2014) . 216 We found that, in a subset of posterior striatal cells, the evoked-response to a given sound 217 changed depending on the port associated with that sound ( Figure 7B ). However, most cells 218 showed a stable representation of sounds across blocks of trials, independent of the associated re-219 ward port ( Figure 7C ). From our analysis of neurons that responded to the stimulus of intermediate 220 frequency, we found that sound-evoked responses in 12.9% (20/155) of cells were influenced by 221 changes in the sound-action association ( Figure 7D , p < 0.05, Wilcoxon rank-sum test). Similarly, 222 when we evaluated neuronal activity before mice left the center port in these trials, 7% (51/725) of 223 cells showed a statistically significant change in activity according to the animal's choice (Figure 224 S10).
225
These results provide further support for the idea that posterior striatal neurons display a stable 226 representation of sounds, minimally affected by action selection. Under the conditions tested, 227 the activity of posterior striatal neurons encoded information about sound identity, rather than the 228 behavioral choice or the sound-action association.
229

Discussion
230
The main objective of this study was to evaluate the role of neurons in the posterior tail of the ro-231 dent striatum during sensory-driven decisions. Our experiments helped evaluate which roles these 232 neurons play in the pathway linking sensation to action: from representing the raw stimulus, to 233 performing computations necessary for stimulus discrimination, choice selection or action execu-234 tion. Based on previous studies of the dorsal striatum (Kravitz; et al., 2010; Freeze et al., 2013; 235 Sippy et al., 2015) , together with evidence of synaptic plasticity in the cortico-striatal pathway 236 during reward-driven learning (Reynolds et al., 2001; Xiong et al., 2015) , we posited that posterior 237 striatal neurons would drive actions according to rewarded associations to acoustic stimuli. We 238 found, however, that after animals have learned a sound discrimination task, the activity of these 239 neurons before action initiation contained more information about the identity of the stimulus than 240 about the animal's choice.
241
A sensory subregion of the dorsal striatum 242 In contrast to the fine parcellation commonly used to describe the cerebral cortex, a functional sub-243 division of the dorsal striatum is usually limited to a lateral region (involved in habitual behaviors) 244 and a medial region (involved in flexible behaviors). However, studies in mouse and rat evaluating 245 the inputs onto striatal circuits from cortical, thalamic and dopaminergic neurons demonstrate a 246 more refined anatomical organization of the dorsal striatum which in turn suggests the existence of 247 further functional specialization (McGeorge and Faull, 1989; Glynn and Ahmad, 2002; Hunnicutt 248 et al., 2016; Menegas et al., 2017) . A characterization of the distribution of dopamine receptors 249 across the rostro-caudal axis provides further support for this refinement (Gangarossa et al., 2013) .
250
In particular, the posterior portion of the rodent striatum has been identified as an area that receives 251 convergent inputs from sensory cortex, sensory thalamus, and midbrain dopamine neurons.
252
Our results in mice demonstrate that a large fraction of neurons in this region of the striatum 253 have clear selectivity to sound features, consistent with previous observations in the rat (Bordi 254 and LeDoux, 1992; Znamenskiy and Zador, 2013) . In our sound discrimination task, over a quar-255 ter of the recorded posterior striatal neurons were able to distinguish between sound frequencies 256 above and below the categorization boundary, and a larger percentage discriminated across differ-257 ent stimuli (even within a category). These finds suggest that the fine sound frequency selectivity 258 in posterior striatal neurons does not result simply from associating a sound to left vs. right actions.
259
In addition, when tested with stimuli close to the boundary, we found little information about the 260 animals' choices encoded in the neural activity during the presentation of the sound. Although our 261 task does not allow for an accurate estimate of the moment the decision is made, our analysis of 262 activity before movement initiation also yielded a minimal influence by choice. We conclude there-263 fore that very few neurons in this brain region (less than 13% in this study) encode the sound-action 264 association on each trial. This result is comparable to observations from the auditory thalamus and 265 auditory cortex of rats during a similar task (Jaramillo et al., 2014) , which raises the possibility that 266 activity changes observed in the striatum simply reflect modulated signals arriving from thalamic 267 or cortical inputs. Taken together, these results support a model in which posterior striatal neurons 268 provide sensory information rather than encoding the behavioral choice in well-learned tasks.
269
The sensory striatum as an essential pathway for auditory decisions 270 Lesion studies indicate that rodents can perform sound-action association tasks without the au- . These observations suggest that outputs of the auditory thalamus convey signals essential 275 for auditory decisions. The dorsal striatum, a direct target of the auditory thalamus with con-276 nections to motor structures, is therefore a likely candidate circuit to mediate tasks that require 277 sound-driven decisions.
278
Our inactivation experiments demonstrate that silencing auditory striatal neurons has a drastic 279 effect on a task that requires sounds-driven decisions. One interpretation of these results states that 280 these neurons belong to a unique pathway required for successful performance of the frequency 281 discrimination task we study. Alternatively, these neurons could form one of several parallel path-282 ways linking sensation to action, and reversible inactivation yields strong effects on behavior by 283 altering the dynamics of downstream circuits (Otchy et al., 2015) . Our experiments cannot distin-284 guish between these possibilities, yet, provide strong support for a role of these striatal neurons in 285 sensory-driven decisions. 286 pathway neurons in the posterior striatum did not elicit movement outside the behavior task, indi-289 cating that these cells play a distinct role in motor initiation from neurons in the anterior portion.
290
Based on these results and the sound selectivity we observed, we postulated that activation of pos-291 terior striatal dMSNs would bias animals according to the preferred frequency of the stimulated 292 cells. In fact, activation of rat auditory cortico-striatal neurons produced a choice bias that de-293 pended on the frequency tuning of the stimulated site (Znamenskiy and Zador, 2013) . In the same 294 study, however, optogenetic stimulation of auditory cortical neurons without cell-type specificity 295 caused a contralateral choice bias that did not depend on frequency tuning (see supplementary 296 figure S3 of Znamenskiy and Zador (2013)). Our results when stimulating dMSNs in the poste-297 rior striatum recapitulated the latter finding by producing a consistent contralateral bias with only 298 a weak (and not statistically significant) correlation to stimulation site tuning. Given that both 299 direct-and indirect-pathway MSNs receive input from cortico-striatal neurons, our results do not 300 rule out the possibility that a balance between dMSN and iMSN activity in the posterior striatum 301 is required to produce a frequency-specific bias.
302
All measurements in our study were performed after animals had achieved high performance in 303 the discrimination task. Therefore, our data does not provide evidence for the role of the posterior 304 striatal circuits during learning. A recent study found that auditory cortico-striatal synapses were 305 strengthened as rats learned to perform a sound discrimination task (Xiong et al., 2015) . Together, correlated with its trough-to-peak ratio (N = 67 cells from 5 mice, r = −0.2, p = 0.09, Spearman 703 correlation test). (C-D) Similarly, when mice were required to rapidly update stimulus-action as-704 sociation (switching task), sound response modulation index was not correlated with either trough-705 to-peak time (r = 0.06, p = 0.5, Spearman correlation test) or trough-to-peak ratio (N = 155 cells 706 from 4 mice, r = 0.17, p = 0.06, Spearman correlation test). 
